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Finding hc8 and hc„
1P1… at DESY HERA-B
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Laboratoire de l’Acce´lérateur Linéaire, IN2P3/CNRS et Universite´ de Paris-Sud, 91898 Orsay, France
~Received 14 July 2000; published 4 December 2000!

The production of charmonium stateshc8 andhc(
1P1) at fixed-target experiments ofpN collisions at DESY

HERA-B is considered. It is found that the HERA-B at DESY is one of the best machines for further
confirming and detecting these two kinds of charmonia in the near future.
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I. INTRODUCTION

The dramatic discovery of charmonia, theJ/c and its
excited states, marked the beginning of a new era of par
physics. Until now charmonium physics has remained one
the most exciting areas of high energy physics. As the ‘‘h
drogenlike atoms’’ of strong interactions, charmonia cou
be investigated partly by virtue of perturbative QCD~PQCD!
on account of the large charm quark mass, which puts
study on relatively solid ground; as well, the study may g
clues of the nature of nonperturbative QCD.

Although the first charmonium stateJ/c was observed
more than 20 years ago, the study of charmonium state
still far from satisfactory. Except forJ/c itself, knowledge
of the other charmonia is very limited. We do not even ha
a completecc̄ mass spectrum below theDD̄ threshold@1#;
that is, the existence of theS-wave spin singlethc8 and the
P-wave spin singlethc(

1P1) is still based on very weak ex
perimental signals. To confirm the existing findings and g
more precise values of the mass, width, and other param
of these two resonances are now pressing tasks in ex
ments.

The hc8 was first observed in the Crystal Ball experime
in the inclusive photon energy spectrum fromc8 decays at
3594 MeV@2#; until now the signal has not been observed
other experiments due to the low energy of the radiat
photon and the relatively poor photon detection ability
other detectors compared with that of the Crystal Ba
@3–6#. Thehc(

1P1) state was first observed at 3526.14 Me
in the proton-antiproton annihilation experiment by the E7
group performed at Fermilab@7#, but with a statistical sig-
nificance of the signal slightly more than three standard
viations, and also no other experiments have definitely c
firmed the existence by now~E705’s report@8# was doubted
by Barnes, Browder, and Tuan@9#!.

Currently, the experiments suitable for charmonium st
ies are the Beijing Spectrometer~BES! running at the Beijing
Electron Positron Collider~BEPC!, the pp̄ annihilation ex-
periment represented by the E835 experiment at Ferm
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and the scarce studies of the two-photon process in h
energye1e2 colliders such as the CERNe1e2 collider LEP
and the Cornell Electron Storage Rings~CESR!.

Because of the restriction of the quantum number ate1e2

colliders, only vectorlike charmonium states such asJ/c and
c8 can be produced directly at lowest order, whereas
other charmonium states, such asxcJ , hc , andhc(

1P1), can
only be produced via either higher order processes
through J/c (c8) electromagnetic and/or hadronic decay
For instance, thehc8 may be produced viac8→g1hc8 and
the hc(

1P1) state viac8→p01hc(
1P1). Although the BES

detector@10# has collected the largestc8 data sample in the
world, due to the limited energy resolution of the electr
magnetic calorimeter and the rather small production rate
hc8 and hc(

1P1) in c8 decays, the search for eitherhc8 or
hc(

1P1) did not give significant results.
As for proton-antiproton annihilation experiments, a

though they can produce charmonium states of various qu
tum numbers and can be used to determine the reson
parameters of the charmonium produced, the study of C
monium is limited by the detection of the electromagne
final states and the low production rate. The E760 and
succeeding version E835 did a very good job in measur
the resonance parameters of thexc1 , xc2, and some other
charmonium states, but the study of thehc(

1P1) state is still
insufficient and the existence of thehc8 is not confirmed. Of
course, the E835 will continue this work and look furth
with more data in the near future.

The HERA-B @11#, an experiment presently set up
DESY, which uses the HERA 920 GeV proton beam in
dent on various nuclear targets, is focused on the meas
ment ofCP violation in theBB̄ system via mainly the fina
states containingJ/c. The trigger system is designed to re
ognize events withJ/c→ l 1l 2 ( l 5e or m). Furthermore, the
detector also is designed for precise measurement of pho
with its electromagnetic calorimeter~ECAL!, which makes
the study of charmonia very possible through detecting
final states of the charmonium decays containingJ/c and
neutral particles such asg or p0.

The paper is organized as follows. In following sectio
we present the formalism forhc8 andhc(

1P1) production in a
general framework in a fixed-target experiment. In Sec.
the obtained formalism is applied to the HERA-B situation
©2000 The American Physical Society07-1
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numerically; the direct and indirect production rates of the
two states are evaluated. In Sec. IV, we give a rough esti
tion of the signals and backgrounds in searching for th
two states for experimentalists’ reference. In the last sec
some discussions and conclusions are made.

II. hc8 AND hc„
1P1… PRODUCTION

For hc8 production, to leading order inas and v2, the
relative velocity of heavy quarks inside the bound state, i
a two-to-one process as shown in Fig. 1. The parton le
cross section can be easily calculated or just obtained f
the correspondinghc producing process with the nonpertu
bative sector replaced. It is

ŝ15
2p3as

2

9~2mc!
5
^0uO

1
hc8~1S0!u0&zd~12z!. ~1!

Here,as is the strong coupling constant;^0uO
1
hc8(1S0)u0& is

the nonrelativistic QCD~NRQCD! color-singlet nonpertur-
bative matrix element, which can be related touRh

c8
(0)u, the

radial wave function at the origin of the bound state,

^0uO
1
hc8(1S0)u0&5(3/2p)uR(0)u2; and z[Mh

c8
2

/ ŝ, where ŝ

denotes the c.m. system~c.m.s.! energy in partonic system.
As for thehc(

1P1) production, the situation is somewh
different from that ofhc8 . Of the latter, at leading order inas

andv2 there is only one possible channel giving the con
bution, but of the former, there are several to the same o
of accuracy. To be more clearly, according to the Bodw
Braaten-Lepage~BBL! theory for quarkonium production
and decays@12#, the Fock states of quarkonium are order
in v, i.e.,

uhc~
1P1!&5O~1!uccI @1P1

(1)#&1O~v !uccI @1S0
(8)#g&

1O~v !uccI @1D2
(8)#g&1•••. ~2!

Because forP-wave states the leading nonvanishing wa
functions are the derivative of the wave functions at the o
gin, or in other words that theP-wave states are produced v
the NRQCD dimension-8 operators or higher, the NRQC
scaling rules@13# tell us that for hc(

1P1) production the
nonperturbative matrix elements stemming from the first t

FIG. 1. The leading orderhc8 production process atPN collision
in both as andv2.
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terms in Eq.~2! are of the same order inv2. Based on this
argument the leading-order color-singlet and -octet proce
of the hc(

1P1) production are shown in Fig. 2.
As depicted in Fig. 2~a!, the color-octet process is also

two-to-one process. The cross section of the partonic sca
ing process can be straightforwardly obtained:

ŝ25
5p3as

2

12~2mc!
5
^0uO 8

hc~1S0!u0&zd~12z!, ~3!

where^0uO 8
hc(1S0)u0& is the color-octet nonperturbative ma

trix element.
Of the color-singlet processes, Figs. 2~b!–2~d!, the two-

gluon fusion channel of~b! may survive only with at least an
additional gluon in the final states from the Landau-Ya
theorem, as shown in the figure; the others are not restri
by this law, but are, however, ruled out by the properties
charge conjugation of the processes. The reason for th
that heavy-quark-loop factor~including the projector for the
quarkonium state! is odd under charge conjugation. That
theC-oddhc state cannot decay through two-vector curre
(C even!, and the direct calculation really shows they gi
no contributions. The cross section of Fig. 2~b! reads as

FIG. 3. The generic diagrams ofc8 production process atPN
collision: ~a! and ~c! the color-octet processes atv4 and leading
order inas , ~b! the leading-order color-singlet process in bothas

andv2.

FIG. 2. The generic diagrams ofhc(
1P1) production process a

PN collision at leading order inv2: ~a! the color-octet process,~b!,
~c!, ~d! the color-singlet processes.
7-2
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ŝ3~g1g→hc@
1P1

(1)# !

d t̂
52

p2as
3^0uO 1

hc~1P1!u0&

108~2mc!ŝ
2 H 24

4 t̂2û21 ŝt̂ û~ t̂1û!12ŝ2~ t̂21 t̂ û1û2!

~ ŝ1 t̂ !2~ ŝ1û!2~ t̂1û!2
1

40

3~ ŝ1 t̂ !3~ ŝ1û!3~ t̂1û!3

3~12ŝ6 t̂144ŝ5 t̂2172ŝ4 t̂3172ŝ3 t̂4144ŝ2 t̂5112ŝt̂6112ŝ6û158ŝ5 t̂ û1149ŝ4 t̂2û1179ŝ3 t̂3û

1140ŝ2 t̂4û156ŝt̂5û112t̂6û146ŝ5û21157ŝ4 t̂ û21246ŝ3 t̂2û21231ŝ2 t̂3û21142ŝt̂4û2144t̂5û2

178ŝ4û31198ŝ3 t̂ û31240ŝ2 t̂2û31178ŝt̂3û3172t̂4û3179ŝ3û41158ŝ2 t̂ û41149ŝt̂2û4172t̂3û4

147ŝ2û5161ŝt̂ û5144t̂2û5112ŝû6112t̂ û6!J . ~4!
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Here in the above,ŝ[(p11p2)2, t̂[(p12p3)2, and û
[(p22p3)2 are ordinary Mandelstam variables; the unive
sal nonperturbative matrix element^0uO 1

hc(1P1)u0& is re-
lated to the derivative of the radial wave function at t
origin of hc(

1P1) by ^0uO 1
hc(1P1)u0&5(27/2p)uRhc

8 (0)u2.

Except for the direct production of these two states giv
in above, another main source of their production is of
electromagnetic or hadronic decays of thec8 in accompany-
ing with one g or p0. The dominant partonic interactio
processes of thec8 production inpN collision at HERA-B
energy are drawn as Fig. 3.

The expression for gluon-gluon fusion processes, F
3~a! and 3~b!, can be written as

ŝ4~g1g→c8!

5
5p3as

2

12~2mc!
5 H ^0uO 8

c8~1S0!u0&1
3

mc
2 ^0uO 8

c8~3P0!u0&

1
4

5mc
2^0uO 8

c8~3P2!u0&J zd~12z!

1
20p2as

3

81~2mc!
5
^0uO 1

c8~3S1!u0&z2H 12z212z logz

~z21!2

1
12z212z logz

~z11!3 J u~12z!. ~5!

The expression for the process of Fig. 3~c! is quite simple;
it is

ŝ5~q1q̄→c8@3S1
(8)# !

5
16p3as

2

27~2mc!
5
^0uO 8

c8~1S0!u0&zd~12z!. ~6!

Here, although the octet processes are suppressed iv2,
they get compensation from the enhancement of 1/as relative
to the color-singlet process. So it is proper to include them
the c8 production rate estimation.
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III. NUMERICAL ESTIMATION FOR hc8 AND hc„
1P1…

PRODUCTION AT HERA- B

In the above section we have calculated the neces
partonic cross sections at leading order inv2 and/oras for
hc8 and hc(

1P1) production in the proton-nucleon collision
According to the general factorization theorem the expe
mental cross sections can be obtained by convoluting
subprocess with the parton distribution functions in t
nucleons, i.e.,

s~A1B→C1X!5( E Ga~xa!Gb~xb!

3ŝ~a1b→C1Y!dxadxb , ~7!

where the sum runs over all the possible initial interact
partons which involve in the interaction,A and B represent
nucleons,C represents the charmonium,X andY are the rem-
nants of the inclusive processes, andGa(xa) andGb(xb) are
the parton distribution functions of the colliding nucleonsA
andB with momentum fractionsxa andxb , respectively.

In doing the numerical estimation the following inputs a
taken:

as~2mc!50.253, Mh
c8
53.6 GeV,

Mhc(1P1)53.5 GeV, mc51.5 GeV,

^0uO 8
hc~1S0!u0&50.9831022 GeV5 @14#,

^0uO 1
hc~1P1!u0&50.32 GeV5 @15#,

^0uO 8
c8~1S0!u0&1

7

mc
2 ^0uO 8

c8~3P0!u0&

50.5631022 GeV3 @16#,

^0uO 1
c8~3S1!u0&50.44 GeV3 @17#,

^0uO 8
c8~3S1!u0&56.231023 GeV3 @17#,

^0uO
1
hc8~1S0!u0&50.20 GeV3 @18#, ~8!
7-3
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TABLE I. Estimation of event numbers ofhc(
1P1) andhc8 production at HERA-B.

State hc8 hc(
1P1) c8 bb̄ Inel.

Cross section~/n! 1076.1 nb 153.7 nb 84.2 nb 12 nb 13 mb
Events rate~Hz! 3311 473 259 37 40 M
Nprod in 107 s 3.331010 4.73109 2.63109 3.73108 4.031014

Final states gJ/c p0J/c ghc8 p0hc(
1P1) hc81X hc(

1P1)1X
Fraction 1.23 1.23 1.23 1.23 4.83 2.43

@ l 1l 2g(g)# 1025 1024 1029– 1028 1029– 1028 1028 1027

Nprod in 107 s 4.03105 5.63105 3 – 31 3 – 31 18 89
@ l 1l 2g(g)#

Nobs in 107 s 4.03104 5.63104 0.3– 3 0.3– 3 1.8 8.9
~Assuming«510%)
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and the CTEQ 3M package for parton distributions is e
ployed with the factorization scale chosen to be equal to
NRQCD scalem52mc . In making use of the present fitte
matrix elements given in above, the spin symmetry relat

^0uO 8
c8(3PJ)u0&5(2J11)^0uO 8

c8(3P0)u0& has been ap-
plied.

With 920 GeV incident protons we find that the magn
tude of the cross sections given in the preceding section

s151076.1 nb/n, s2598.9 nb/n, s3554.8 nb/n,

s4579.0 nb/n, s555.2 nb/n. ~9!

Here, the nb/n means nb/nucleon for shorthand. Thec8 pro-
duction cross section~84.2 nb/n! agrees well with the experi
mental measurement of (7565622) nb/n by E789@19#, in-
dicating the reliability of the other calculations in this pap
However, quarkonium production rates are often sensitiv
the choice ofmc and the parton distributions. To see th
effect of the former, we assume that the difference betw
calculated and measuredc8 production cross sections is
pure effect ofmc ; to cover the error of the measured valu
mc should vary from 1.45 to 1.65 GeV. By changingmc
from 1.5 to 1.45 and 1.65 GeV in all other cross sect
calculations, the relative uncertainties of thess are shown
below. As for the latter, we simply take another parton d
tribution functions, the Glu¨ck-Reya-Vogt~GRV! @20#, the
deviations of thess are also listed below:

Ds15244.3
140.1128.5 %, Ds25246.6

124.3128.5 %,

Ds35255.4
132.6128.8 %,

Ds45247.7
125.3129.2 %, Ds55241.4

120.525.8 %.
~10!

Here, the first deviations come from the change ofmc ~‘‘ 1’’
for mc51.45 GeV and ‘‘2 ’’ for mc51.65 GeV!; the second
corresponds to the choice of a different parton distribut
code~GRV results relative to the CTEQ ones!. We can see
from the above results that the deviations of the cross
tions relative to different parton distributions agree with
30%, and the charm quark mass uncertainty changes c
sections around 50%.
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Because of the projected high interaction rate, 40 MH
the results in Eq.~9! means that in a running time of 107 s at
HERA-B using a Cu target, for example, the directly pr
ducedhc8 and hc(

1P1) events number would be about 3
31010 and 4.73109. Thec8 events number would be abou
2.63109, which is three orders higher than the presentc8
date sample collected ate1e2 colliders.

Theoretical estimation of the branching fractions of t
hc(

1P1) production inc8 decays are about 1025– 1023 from
Refs. @21–23#, and thehc8 rate are about 1024– 1023 from
the naive estimation of theM1 transition in nonrelativistic
limit @24,25#. Therefore, the indirectly producedhc(

1P1) and
hc8 would be of the order 104– 106 and 105– 106 correspond-
ingly.

The indirect production of charmonium inB decays has
been estimated in Ref.@26#; the production rates ofhc(

1P1)
andhc8 ~assuming the same as that ofhc) are of the order of

1023. Using thebb̄ production cross section of 12 nb/n, th
producedhc(

1P1) andhc8 events are of the order of 105– 106

in 107 s of the HERA-B running time, which is the same
order as viac8 decays.

IV. SEARCHING STRATEGY

As mentioned in the Introduction, the interesting topo
gies for detecting these two states at HERA-B aregJ/c and
p0J/c for hc8 andhc(

1P1), respectively, whereJ/c decays
into lepton pairs andp0 decays into two photons. Because
the charge-conjugation invariance, the decay modeshc8
→p0J/c andhc→gJ/c are ruled out.

The hc(
1P1) state was observed decaying top0J/c with

branching ratio;1023 @7#, which is of the same order o
magnitude as the theoretical expectation@21#, and thehc8
decaying togJ/c is expected with a width of the orde
;O(1k eV! @27#. Considering that the theoretical estimatio
of the decay width of thehc8 is about 5 MeV, it has a branch
ing ratio of ;O(1024) in the gJ/c decay mode. Using the
numbers listed above, Table I lists the estimation of p
duced events forhc(

1P1) and hc8 in all the production
mechanisms, taking into account the branching ratios of
J/c leptonic decays andp0→gg.

From the table, we can see that the produced event
7-4
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interested topologies from indirect productions are too l
~of the order of 10–100! to produce meaningful signals fo
observing the two states. But instead, direct production
these two states is rather large, of the order of 4 – 63105. As
we know the geometric acceptance of the HERA-B detector
is large and its trigger is optimized forJ/c events, we do
expect a high efficiency of detecting these two final stat
Suppose the overall efficiency of detecting these two fi
states is around 10%; one expects 4 – 63104 reconstructed
events each channel, which are large numbers compare
those channels for observingCP violation ~in the same run-
ning time, the reconstructed events ofJ/cKs are estimated to
be around 1400!.

The main background channel forhc8 observation isxc2

→gJ/c, which has the same final states but much larg
cross section and very near the expectedhc8 mass. Using the
measured cross section ofxc2 by E771@28#, the number of
reconstructedxc2 events is estimated to be around 108 ~the
combinational background atxc2 mass region is about the
same size asxc2 events as shown in Ref.@28#!. The signifi-
cance of the observedhc8 depends strongly on the mass res
lution of thegJ/c system and the mass difference betwe
xc2 and hc8 . Theoretical estimations of thehc8 mass range
from 3589 to 3631 MeV@29#, and the only experimental hin
@2# is at a mass of (359465) MeV. For a 3.6 GeV masshc8 ,
if the mass resolution is around 10 MeV or less,hc8 will
produce a long tail at the high mass side ofxc2, and at a
mass higher than 3.6 GeV, the events are almost free f
the xc2 background. If the mass resolution reaches 15 M
or even larger, it will be hard to distinguishhc8 from xc2. A
largermh

c8
obviously will increase the possibility of resolv

ing hc8 from the xc2 tail, while a low masshc8 will more
depend on the mass resolution.

For hc(
1P1), the main background is from thep0p0J/c

produced byc8 decays. Compared with that in thehc8 case,
here thehc(

1P1) is at the phase space limit of thep0J/c
system produced fromc8 decays and the cross section of th
latter is smaller thanxc2 by at least a factor of 3%. Further
more, there is no other nearby resonance decays to the s
final states. All these make the observation ofhc(

1P1) easier
thanhc8 .

At the point of data analysis, forhc8 , instead of using the
invariant mass ofJ/c and the detectedg, using the mass
difference between thel 1l 2g system and thel 1l 2 system
would be better in finding the signal, since the latter c
compensate some of the effects due to energy losses o
diation and bremsstrahlung of the lepton tracks.

In searching for thehc(
1P1) state, reconstruction of the

p0 is also important for event selection, and it is also a ve
good constraint to lower the background level greatly. As
thegJ/c case, the mass difference method will be helpful
this channel as well.
01400
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Finally, to check the results, the sideband method ma
useful. In both cases theJ/c mass sidebands and, i
hc(

1P1), searching thep0 mass sidebands will tell us th
shape of the background. The absence of the same pe
the mass spectrum of sidebands events will be a demon
tion that the selection is reasonable.

It is important to note that all of the above discussions
based on a sample of 107 s running time. With more statis
tics, instead of reconstructing photons from ECAL, one c
detect converted photons to reconstructhc8 and hc(

1P1), as
has been indicated by E771@28#. In this case, the mass reso
lution will be significantly improved (5.262.0 MeV for the
gJ/c system in the E771 experiment!, and hc8 will be re-
solved fromxc2 even if it has a small mass.

V. DISCUSSIONS AND CONCLUSIONS

In this paper we have discussed the physics potentia
HERA-B in detecting thehc8 and hc(

1P1). Our numerical
results reveal that there are about 1010 and 109 of hc8 and
hc(

1P1) events which would be produced at HERA-B in 107

s of running time. A rough estimation shows thathc(
1P1)

will be observed clearly in itsp0J/c decay mode, andhc8
will be observed as a shoulder at high mass side ofxc2 in
gJ/c channel if the mass resolution is not too large.

The searching strategies of these two states at HERB
are given. The major backgrounds in the detection and
possible detecting measures are also discussed.

It should be mentioned that the theoretical basemen
our calculation in this paper, the NRQCD factorization, m
not work well in the inclusive quarkonium production at fu
phase space, that is, at the smallpT (pT not much greater
than LQCD) region, which would cast some shadow on t
validity of the results of the inclusive fix-target calculation
However, at least from our calculation onc8 production,
which agrees with the experiment value quite well, we a
convinced to a certain degree of the accuracy of our ot
calculations in this paper.

Last, it should be noticed that although the study p
sented in this paper is just an order estimation because e
the input parameters, such as the color-octet matrix eleme
are more or less accurate just to an order or the evaluatio
based only on the first order calculation, or the factorizat
problem mentioned above, the results were well constrai
by the known measurement ofc8 production, so the conclu
sion of the paper should hold. That is, detection ofhc8 and
hc(

1P1) at HERA-B is feasible and promising.
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